A partially purified enzyme (120-fold) from Leuconostoc mesenteroides catalyzed the reversible N-acetylation of D-glucosamine-6-phosphate. Coenzyme A was not required and inhibited the reaction rate. Neither D-glucosamine nor N-acetyl-Dglucosamine served as a substrate for the reversible reaction. The enzyme preparation retained 50% of its original activity after 5 min at 100 C. The Km for acetate was 7.7 X 102 M in the presence of 2 X 10-M D-glucosamine-6-phosphate. The Km for D-glucosamine-6-phosphate was 5.0 X 10-3 M in the presence of 0.64 M acetate. The product of the reaction was characterized by comparison with N-acetyl-Dglucosamine-6-phosphate prepared by enzymatic phosphorylation of N-acetyl-Dglusamine. The characterization tests were: chromatographic migration, acid hydrolysis, enzymatic dephosphorylation, sodium borohydride reduction, and periodate oxidation. The equilibrium constant for the reaction was about 7.5 M for the expression K = (D-glucosamine-6-phosphate) (acetate) /N-acetyl-D-glucosamine-6-phosphate. The standard free energy of the reaction was approximately 1,200 cal per mole.
Glucosamine incorporation into bacterial cell walls, into mammalian mucopeptides and mucopolysaccharides, and into chitin and similar biological polymers proceeds, in nearly all systems reported to date, through a similar set of reactions (20) . In particular, one of the intermediate reactions involves the acetylation of glucosamine-6-phosphate. In every system studied thus far, the acetyl group derives from acetyl-coenzyme A (Ac CoA) and thus requires some form of prior activation.
We describe, in this report, a reversible acetylating-deacetylating enzyme, the catalytic activity of which is independent of coenzyme A (CoA) and, apparently, of any other usual form of activation. A nonreversible deacetylase for N-acetylglucosamine-6-phosphate, derived from the bovine parotid gland, was studied by Matushita and Takagi (12) . The bovine enzyme was inactive with N-acetylglucosamine. Microbial deacetylases, acting on N-acetylglucosamine (19) and on Nacetylglucosamine-6-phosphate (1), have been reported, but in no case was the enzyme demonstrated to catalyze the reaction reversibly.
MATERIALS AND METHODS Organism. Leuconostoc mesenteroides ATCC 12291 was maintained in stock and grown as previously described (5) . Cells were harvested from 18-hr cultures in AC medium (4) containing 1% glucose and were stored at -20 C until used.
Cell extracts. The method for preparation of cell extracts has been described (5) . The crude extract fraction was used for purification of the acetylase activity as described in the Results section of this report.
Materials. Glucosamine-6-phosphate was obtained from Nutritional Biochemicals Co. (Cleveland, Ohio) as the barium salt. Adenosine-5'-phosphate (AMP), the sodium salts of adenosine-5'-diphosphate (ADP) and adenosine-5'-triphosphate (ATP), CoA, Ac CoA, N-acetylglucosamine, and the lithium salt of acetylphosphate were N-acetylglucosamine-6-phosphate was prepared by two different methods. One employed a reaction mixture containing a phosphotransferase from L. mesenteroides (5), ATP, and N-acetylglucosamine. The other employed a reaction mixture containing the acetylase (described in the present report), acetate, and glucosamine-6-phosphate. In both methods, N-190 on June 21, 2017 by guest http://jb.asm.org/ Downloaded from acetyl-glucosamine-6-phosphate was purified by the method of Distler et al. (6) .
Potato phosphatase was prepared by the method of Kronberg and Pricer (10) .
Analytical methods. Protein was estimated by the method of Lowry et al. (11) . Glucosamine and glucosamine-6-phosphate were determined by the method of Rondle and Morgan (18) except that the tubes were not sealed. N-acetylglucosamine and Nacetyl-glucosamine-6-phosphate were determined by the method of Reissig et al. (16) , with a p-dimethylaminobenzaldehyde (PDAB) reagent containing 14.7 g of PDAB, 948 ml of ethyl alcohol, and 52 ml of 36 N H2SO4. Fructose-6-phosphate was determined by the method of Roe and Papadopoulos (17) . Nucleic acid was estimated spectrophotometrically by the method of Warburg and Christian (21) .
Paper chromatography was done on Whatman no. 3 paper, with the solvent described by Wawszkiewicz (22) : 95% ethyl alcohol-ammonium acetate (1 M, pH 5.0)-ammonium ethylenediaminetetraacetate (1 M, pH 5.0), 70:30:0.1. The sprays used were: for glucosamine, N-acetylglucosamine, and glucosamine-6-phosphate, a method with acetylacetone and PDAB as described by Partridge (15) ; for reducing sugars, the ammoniacal AgNOs reagent of Partridge (14) ; for phosphate derivatives, the spray described by Hanes and Isherwood (7). The ninhydrin reagent was 0.2% in water-saturated nbutyl alcohol.
For borohydride reduction, the procedure outlined by Kabat and Meyer (9) was followed. Periodate oxidation in 0.1 M sodium acetate buffer (pH 4.6) was performed by the procedure of Jeanloz and Forchielli (8) . RESULTS 
AND DISCUSSION
Validity of enzyme assay. The reaction mixture which was finally adopted contained 10 ,umoles of glucosamine-6-phosphate (pH 7.0), 320,umoles of potassium acetate, and enzyme, in a total volume of 0.5 ml. A 13 by 100 mm tube was used. The mixture was incubated for 20 min at 37 C; 0.1 ml of 0.8 M potassium tetraborate (pH 9.1) was added, and the mixture was heated for 3 min in a boiling-water bath. After cooling in tap water, 3.0 ml of PDAB reagent was added, and the mixture was incubated for 20 min at 37 C. The precipitate which developed was sedimented by centrifugation for 5 min at 660 x g in a clinical centrifuge (International Equipment Co.), and the absorbancy of the mixture was determined at 585 nm in a Gilford 300 spectrophotometer.
The glucosamine-6-phosphate solution (0.1 M) should be stored at -20 C but should not be used for longer than Figure 1 shows the effect of variation of substrate concentration on enzyme activity. As will be demonstrated below, neither ATP nor CoA is required for enzyme activity.
Purification of the enzyme. Very early in these studies, it became clear that we were dealing with a single enzyme which catalyzed the reversible acetylation of glucosamine-6-phosphate. Further data to be presented below support this hypothesis. Therefore, during the purification procedure, both the acetylase and deacetylase functions were assayed, although the procedure was directed primarily towards the purification of the acetylase activity.
The crude extract, obtained as described previously (5), contained 28.6 mg of protein per ml. For heat treatment, the extract, adjusted to pH 6.0 with 6 N acetic acid, in 200-ml amounts in 300-ml Erlenmeyer flasks, was swirled gently in a boiling-water bath. When the temperature of the extract reached 77 C, the flask was transferred to a water bath at 80 C. The flask contents were DEMOSS AND MOSER swirled continuously. After 5 min at 80 C, the extract was cooled in an ice bath, adjusted to pH 7.5 with NaOH, and centrifuged to remove coagulated material. The supernatant fluid (fraction 2 in Table 1 ) was subjected to gel filtration through a column of Biogel P-200 (2.5 by 82 cm) which had been equilibrated with 0.1 M potassium phosphate, pH 7.5. The supernatant sample (50 ml) was filtered by upward flow at the rate of 20 ml per hr. Fractions of 6 to 7 ml were collected and were analyzed for acetylase activity and for protein. Those fractions, usually centered about fraction 34, which contained greater than 0.5 units of enzyme per ml were combined (fraction 3 of Table 1 ). The solution (6 to 10 ml), containing about 11 units of enzyme, was diluted 10-fold with distilled water and adsorbed on a column of TEAE (1.2 by 16 cm) which had been equilibrated with 0.01 M potassium phosphate, pH 7.5. The column was washed with 20 ml of 0.01 M potassium phosphate, pH 7.5. The protein was eluted from the column with a linear gradient of 0.0 to 0.5 M KCI in 0.01 M potassium phosphate, pH 7.5. The mixing chamber and reservoir each contained 100 ml. The rate of flow was 30 ml per hr and fractions of 5 ml were collected. The fractions were assayed for enzyme activity and for protein.
As before, the fractions, usually fractions 15 to 19 inclusive, containing more than 0.4 unit of acetylase per ml were combined and concentrated by pressure filtration through a Diaflo membrane (Amicon Corp.). Table 1 summarizes the results of a typical purification. The procedure was repeated six times, and the final preparations contained acetylase at a specific activity 22.1 to 27.1 units per ,ug of protein.
Several other purification steps were attempted with both less pure and more pure preparations, including centrifugation at 120,000 X g for 3 hr, precipitation with ammonium sulfate, precipitation of extraneous protein by heat as a function of pH, and precipitation of nucleic acid with protamine sulfate. In all cases, useful purification steps did not appear to be readily includable in the procedure. The procedure finally adopted is relatively simple and effective.
All fractions and preparations were also assayed for deacetylase activity. The relevant data in Table 1 show that both acetylase activity and deacetylase activity behaved in an identical manner. Analyses of about 100 enzyme preparations at various stages of purification yielded a ratio of the activities of deacetylase to acetylase of 0.95 i-0.09. The normalized acetylase and deacetylase activity profiles from both the Biogel and TEAE columns were superimposable.
Stability of the enzyme. Two separate preparations of the enzyme (specific activity about 0.37) retained about 75 % of their original activity after 3 months at -20 C. The purified preparation (fraction 4 in Table 1 ) may be concentrated by pressure filtration or by lyophilization without loss of activity.
The resistance of the enzyme to loss of activity as a consequence of heating is remarkable. After 5 min in a boiling-water bath (100 C), 50% of the activity remained (Table 2) . In this experiment, the temperature was 94 C after 2 min, 98.5 C after 3 min, and 99 C at 5 min. As indicated in Table 2 , the stabilities of the acetylase and deacetylase activities were nearly identical.
The high degree of resistance to heat denaturation explains the difficulties which were encountered in the preparation of substrate amounts of N-acetylglucosamine-6-phosphate. In these procedures, 1.0 mmole of glucosamine-6-phosphate and 32 mmoles of potassium acetate were incubated with 11.2 units of acetylase activity until colorimetric analysis showed the formation of 110 jumoles of N-acetylglucosamine-6-phosphate.
The flask containing the reaction mixture (50 ml) Acetylase Deacetylase a A 50-ml amount of fraction 2 was filtered through the Biogel P-200 column. The actual results were increased by the factor 58/50 to yield the data for fraction 3.
b A 6-ml amount of fraction 3 was adsorbed on the TEAE column. The actual results were increased by the factor 148.5/6 to yield the data for fraction 4. was plunged into a boiling-water bath for 3 min. After cooling, the contents were placed on a column of Dowex-1-chloride and were washed in with water; the N-acetylglucosamine-6-phosphate was eluted with 0.35 N HCI. Invariably, less than 5 % of the N-acetylglucosamine-6-phosphate which had been placed in the column could be recovered in the eluate. Undoubtedly, the undenatured deacetylase activity was responsible for the loss of product. Modification of the procedure to include denaturation with trichloroacetic acid, followed by ether extraction to remove the denaturing agent, was completely successful.
The resistance of the enzyme to inactivation as a function of pH was tested. Enzyme samples were adjusted quickly to pH values ranging from 3.0 to 12.0, held for 5 min at 23 C, then quickly adjusted to pH 7.0. Samples were then assayed for residual activity. Figure 2 shows the results for both acetylase and deacetylase activities. The pH adjustments were made with KOH and HCI. Consequently, it was necessary to eliminate the possibility that KCl affected the activities in these experiments. The data in Table 3 suggest that KCI inhibited the deacetylase activity to a greater extent than the acetylase activity.
Specificity of enzyme activity. No acetylation of glucosamine was observed at concentrations of glucosamine from 0.01 to 0.06 M. N-acetylglucosamine, at concentrations from 4 x 10-3 to 8 x 104 M, was not degraded to a detectable extent.
Inhibition of enzyme activities. All enzymes that have been thus far described in the literature and that catalyze the N-acetylation of glucosamine-6-phosphaterequireAc CoA for activity. Thus, these enzymes are acetyltransferases. CoA or by acetate plus ATP plus CoA. Each of these potenial substrates, singly and in combination, was tested and in all cases was either inhibitory or without effect. Figure 3 shows the inhibitory effect of ATP concentration on enzyme activity. The lack of inhibition by Mg+ was also demonstrated in these experiments (Fig. 3) . The presence of CoA plus ATP in the standard reaction mixture resulted in significant inhibition of acetylase activity (Table 4) . Ac CoA is completely ineffective as a substrate for the acetylase reaction. No N-acetylglucosamine-6-phosphate was formed in the presence of Ac CoA and glucosamine-6-phosphate. At the end of the incubation period, no Ac CoA had been degraded. The appropriate control, with potassium acetate in place of AcCoA, resulted in the formation of 0.18 ,umole of N-acetylglucosamine-6-phosphate. Ac CoA was tested at concentrations of 10-to 8 x 10-M. Elimination of nucleic acid as possible energy source. After exhaustively eliminating the suspected requirement for added energy sources such as ATP, we considered the possibility that nucleic acid in the enzyme preparation could function as an energy donor. A partially purified preparation (fraction 3, Table 1 ; specific activity, 3.98) was treated with ribonuclease (7 ,ug per mg of protein) at pH 7.7 and 37 C for 2 hr and then with deoxyri- We conclude that contaminating nucleic acid in the enzyme sample does not serve as an energy source for the activation of acetate.
Kinetics. Kinetic constants were computed from initial velocity data for the acetylase reaction. A hyperbola was fitted to the data by an iterative procedure by use of the computer facilities of the University of Illlnois. Table 5 presents the constants obtained for analyses in the presence and absence of the inhibitors ATP, AMP, ADP, acetylphosphate, and Ac CoA. In all analyses which involved adenosine derivatives, the inhibitions appeared to be competitive, i.e., Vmax remained constant. Inclusion of Ac CoA, at a single concentration in the reaction mixtures, resulted in an increased Vmax but a decreased affinity for the substrate. Both acetylphosphate and CoA also appeared to effect unconventional modes of inhibition. According to conventional interpretations, it could be suggested that CoA decreases the affinity for both glucosamine-6-phosphate and N-acetylglucosamine-6-phosphate. The result is an increase in both Km and Vmax for the acetylase reaction. Acetyl phosphate, in contrast, appears to increase the affinity for both compounds. Thus, CoA and acetylphosphate exert opposite effects on the enzyme, and their roles should be similar when examined in the deacetylase reaction.
Identification of product. The product obtained from the reaction mixture containing potassium acetate, glucosamine-6-phosphate, and acetylase was compared with that obtained from a reaction mixture containing N-acetylglucosamine, ATP, and the appropriate phosphotransferase (5). The reaction mixtures were subjected to purification procedures and tests in parallel.
The phosphotransferase reaction mixture was composed of 40 ml of 0.01 M ATP (pH 7.5), containing 0.1 M MgC12, 8 ml of 0.2 M N-acetylglucosamine, and 10.7 units of phosphotransferase (specific activity for glucose, 2.6 units per mg of protein). The pH was maintained at 7.5 by the automatic addition of 0.1 M NaOH. After 15 min, 4 ml of 0.1 M ATP was added and the reaction continued for another hour, until further acid production ceased. The mixture was heated to 95 C for 7 min, cooled to room temperature, and, in parallel with the acetylase reaction mixture, subjected to a purification procedure adapted from Brown (2). The pH was adjusted to 8.2 with 1.0 M KOH. A 7-ml amount of 0.8 M barium acetate was added, and, after standing for a few minutes, the precipitate was removed by centrifugation. The supernatant fluid was readjusted to pH 8.2, 0.8 M barium acetate was added dropwise, and the precipitate was removed by centrifugation. The cycle was repeated two or three times (3) . The fractions containing N-acetylglucosamine-6-phosphate were combined, the sulfate ion was removed as the barium salt, and the clear solution was lyophilized. The samples, representing the acetylase product and the kinase product, were compared by several different tests. The samples were chromatographed, together and separately, as described above, and the chromatograms were analyzed for phosphate derivatives (7) and for N-acetylhexosamine (15) . Both samples yielded N-acetylhexosamine-positive spots at an RF of 0.41 and phosphate-positive spots at an RF of 0.41.
Samples were subjected to hydrolysis for 1 hr in 1 N HCl at 100 C after having been sealed under vacuum. Chromatography, as above, yielded, for both samples, N-acetylhexosaminepositive spots corresponding to N-acetylglucosamine, ninhydrin-positive spots corresponding to VOL. 98, 1969 glucosamine-6-phosphate and to glucosamine, and phosphate-positive spots corresponding to glucosamine-6-phosphate.
The acetylase and the kinase products were subjected to enzymatic dephosphorylation. A 4-unit amount of potato phosphatase (10), about 1 ,umole of N-acetylglucosamine-6-phosphate, and 50 ,umoles of ammonium acetate (pH 5.0) were incubated in a total volume of 1.2 ml at 37 C for 30 min. The reaction was stopped by holding the tube in a boiling-water bath for 3 min. The heated mixture was cooled and centrifuged, and the clear supernatant liquid was lyophilized. The dry residue was dissolved in 0.25 ml of water and a sample was chromatographed as described above. For both the acetylase and the kinase products, major N-acetylhexosamine-positive spots were observed, corresponding to N-acetylglucosamine.
Samples were reduced with sodium borohydride and were subjected to periodate oxidation in 0.1 M sodium acetate buffer, pH 4.6. Control mixtures in this procedure included glucose-6-phosphate and glucosamine-6-phosphate. Chromatography of both samples yielded spots containing phosphate which were identical to those obtained from the control compounds.
We conclude that the products formed in the acetylase reaction and in the kinase reaction are identical and are N-acetylglucosamine-6-phosphate.
Equilibrium. Thirteen determinations of the equilibrium constant of the reaction were made. The equilibrium was approached from either side of the reaction. Table 6 presents the results of the analyses. The equilibrium constant appears to be approximately 7.5 M for the expression K = (glucosamine-6-phosphate) (acetate) /N-acetylglucosamine-6-phosphate. The standard free energy of the reaction is thus near 1,200 cal per mole. This appears not to be an unexpected value. The N-acetyl group of N-acetylglucosamine-6-phosphate is apparently more stable to acid hydrolysis than is the phosphate ester group. Nacetylglucosamine and inorganic phosphate are the major initial products of acid hydrolysis of Nacetylglucosamine-6-phosphate (23) . The free energy of the hydrolysis of phosphomonoesters (e.g., 3-phosphoglyceric acid) is 3,000 cal per mole (13) .
In view of the reversibility of the reaction, the role of the enzyme in the metabolic economy of the cell is not at all apparent. The conditions for the forward reaction would require a significant concentration of acetate. Although acetate is a major metabolic end product under some growth conditions, i.e., with pentose as energy substrate, it seems rather unlikely that sufficiently high concentrations of acetate would be available. Our 
